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ABSTRACT

This paper proposes a novel technigacbesed on the deconvolution approach for the
simultaneous estimation and comypcnsation of the multipath estimation errors in both the
carrier phase lock and the code delaylockloopsin GPSreceivers. Simulation results are
presented showing_that the proposed G PS1 cceiver algorithm achieves high precision in
the range and differential rangc cstimationin various GPS precision applications such as
spacecrafl atitude control, C\'C'J) inarc stively severe multipath’ environment. The
proposed architecture and algotithin herently  involve tradeofls among the
hardware/software implementation coniplexity, the extent of the multipath expected in the
specific application, and the degiec of nultipath cancellation




INTRODUCTION

The superior ity of GPS receiver technioogy over other competing technologies, in terms
of the cost, reliability, mass, size¢, andpower considerations, as proven in its various
applications such as navigation, sp:cecra il orbit determination, and surveying, has
constantly prompted the extension of GPSto other important areas that require
increasingly more exacting peiformance fiom the GPS system One such area, for
example, is the application of GPStothe attitude determination of aircraft and earth
orbiting satellites.

For the GPS ;eceivers to provide t Li¢ s cquisite p1 ecision, the existing error sources in the
GPS system must be eliminated orgi cat Iy reduced. Al. the current state of GPS
technology, the most significant ¢ior cow ce is the signal multipath propagation. For
example, in spacecraft operational c¢nvi:onments, the GPS signal is reflected from various
structural components of the spaccciatiand these reflected components are received by
the GPS along with the desired directhiic-of-sight (L OS) path. Thereflected signals differ
from the desired LOS path signalintcuing of their delays, amplitudes and phases. The
carrier phase tracking loop provides no 11 herent discrimination against the multipath
signals and thus tracks the phasc of the composite signal corrupted by multipath
components. The resulting difleiential canr.er phase estimation error can be orders of
magnitude higher compared to thccase of nomultipath propagation in many GPS
applications. Yor example, the mcasu ementsobtained by the RADCAIL satellite GPS-
ADS (Attitude Determination System) experinents have shown that the differential range
error in such environment is of’ I1( order of 1 emcorresponding to an attitude
determination error of about 0.5 dcyie. Thus for the GPSreceivers to provide precision
pointing knowledge (order of’ 1 arcininO1 better with 1 meter antenna baseline) or a
differential range accuracy of about( 3 m-iorbetter, the multipath cffects must be
suppressed by orders of magnitudes Similaraccuracy may also be desirable in other GPS
precision applications in the presenceor molipath signals such as GPS based geophysical
measurements.

Among the past approaches to dealwiththe multipath problem, one approach involves
reducing the early-late delay spacing amonghe cotrelatorsin the GPS receiver code lock
loop. However while this approachied.acesthe coderange errors to some extent, it does
not aid in the carrier phase measuemcents acan acy that is the basis of most GPS precision
applications, Moreover eventhel cduciionin the coderange erroris limited and if the
early-late spacing is smaller thantheinitzl delay error due to multipath (easily the case
with many multipath situations), thenthe loop errorcan be very high and the loop may not
even track, although the probability of sucha:cventmay be small.

In arecent paper [1] based on the mwavinunlikelihood (M) estimation theory and the
theory developed earlier in [2 3], . 1of nnplicit equations are derived for the MI.
estimates of the parameters of inicicst, 1e. the amplitudes, phases and delays of the
multipath signals. The paper proposcs t soly ¢ these highly nonlincar implicit equations in
arecursive manner. Reference [ 1 ] :lso;» esents some simulation results showing




significant reduction in the multipath ¢irors 1 the code phase measurements as compared
to the delay lock loop. Howe.vcl, 1 ¢ference|l | does not present any results on the carrier
phase measurements, the subject of mostintecstin the present paper.

This paper p1esents techniques for deal g with the multipath problem in @ comprehensive
manner. Thesc techniques ai¢ bascdo the application of the optimal deconvolution
approach in a somewhat unconventionalmanner, as compared to its application in other
fields such as seismology and telecomniunications. The proposed method consists of first
estimating the impulse response of the eficetive multipath channel by a least squares
algorithm, This step is followed by obtaining an inverse filter which equalizes the
multipath channel response to the desiied idzal multipath free response to the maximum
extent possible within the specified constiaints of the implementation complexity. Note
that there is a possible tradeofl” bet wee, the hardware/soflwat e complexity, the dynamics
tracked and the extent of the multipath climination¥romthe equalized response one then
estimates the true carrier phase andco.dcdclay. The simulationresults demonstrate that
the proposed method is capable of conipicte!y eliminating the multipath distortion that is
more severe than may possibly takejlecem any realistic precision GPS  applications
environment.

MUILTIPATH ELIMINATION B3Y DECONVOLUTION APPROACH

in the more conventional telecommuuicaton applications of the deconvolution approach
or the cqualizer theory [4], the multipatlprop gation channel is modeled as,

y,oE > by, (1)
4 '
where {u} represents the transinitted svinbolsequence, {y;} is the channel output

sequence and { A, , . .y, Ay B, b drepresents the discrete channel impulse

response. The additive noise scquence!v f i. usually assumed to be a zero-mean white
Gaussian, The basic process of deconvanvelves the estimation of the transmitted
input sequence {u, } on the basis of noisy olservations {y, }assuming that the discrete
channel impulse response {h, }isknowntotte receiver. Inthe case of unknown channel
response, adaptive equal ization techniquies [4,6]are used whercin first an approximate
estimate of {h,} is obtained on the busic of @ Haining sequence known in advance to the
receiver and the channel output {y,}andsuhbsequently the estimate of {h} is refined
adaptively with u_ replaced by itsestimted/dctected version in the adaptive algorithm.
From the real time estimate of {h, },«atime-erying mverse filteris derived which then
filters {y,} to obtain the estimate of {u,} I1p:actice the two steps of estimating {h, } and
then finding tile corresponding inverse 1ilterm ¢ combinedinto a single step of finding
directly the adaptive equalizer cocfhicicat: Theproblent wherein the adaptive equalization
is achieved without any training scouencasre’atively more difli cult and has also received
considerable attention in the literatuic.

There arc a number of other iinportant aj plications of the adaptive deconvolution
approach in various other fields suctias weisinclogy [ 7) and antenna signal reconstruction




[8]. Allthese situations with theiri es]).clive terminologies are modeled by equation (1) or
its higher dimensional versions Adaptivealgotithins are then denived following the above
deconvolution approach.

In the following, the deconvolution zpprozchis extended to the problem of multipath
elimination in the GPS receiver code tracking and catiier phase lock loops. The following
derivation of the signa modelshowsboth t he similanities and the differences between the
GPS application of this paper andthc otheranplications of the deconvolution approach.

In the absence of the multipath, the inputsignal to the GPS receiver is given by:

s(t)= A cosla 1+ a(/)-;] (2

where the receiver noise is not considerediithe fostinst ance, A¢ is the received signa
amplitude and a(t)= =1 is the pscudo-randon code waveform that phase modulates the
carrier, and it is assumed thatthe dziamaodulat ion is removed in a decision-directed
manner. in the presence of N nultipathsin addition to the direct line-of-sight path, the
input signal may be characterized as

s, (2 =s(na,s(0 1)) das(fo1y) (3)

where «,andz, denote respectively the amplitude and delay of the i th multipath for

11,2, ,N. Afier substituting (2) in:(3), the composite 1eceived signal may be expressed as
follows.

o n
s, (1)= A, cos(w 1 alty )+ o A, cos(w 14 5 a(t-2,)480,)

)’ Om, o (")(71 (4)

LS

doAay A cos(w 1+ w1 1, )40

Asin the conventional delay-lock disciiminatorthe signal in (4) is correlated with the
reference signals

s, () =2co8(w t1a(l 11 a){[')
’ ©)

n
sg(t)=2cos(w 1l alt 147 ‘.)-?)

where 1 is the delay tracking error, v, s theoffset delay referied to as early and late
correlator delay and @, isthe reference fiequency. Theresulting corr elation functions are
given by



s, (). s, ()= A.a(t)alt T 1) cos(@, ).
+AcaN}7(1 1 )alt v —-7‘4—).005((011‘* 0., ) (6)

where w, = @, —w,, some intermedizte ficquency. The signalin equation (6) is then
demodulated by the reference signal ¢i(t) provided by the catrier phase lock loop

¢,()=2cos(e (-10 ) (7)
The resulting demodulated signal denoted by R, (#) may be written in the form below.
Ri(t)=hyR (1 -1 1,)th R (a41,-7,)). AR (r11,~1,)
hy=a, A cos(¢, -~ 0 ) k=01.. N (8)

In equation (8) R.(z) represents the codeantoconielation funet ion, «,= 1 and @, =0.

Similarly the corresponding signal obtamedwiths replaced by s, in (6) and denoted by
R, (1) may be written in the following forn

]ezi(z.) = hOl'](C(T - Td) + hh}\“‘:(" [ )>;hN( ]\)c<1 Td 1N) (9)

The difference between &, and &, the so called discriminator functionD () iS now given
by

])i (T) s }I()lgc(‘()+ ]711 lgc(z -1 l) b ’})A'v’l g”( (z i 7A) (lo)
wheare

g(r)=R (11 ) N(1-1,)

is the discriminator function inthe deal case. Clearly if @, - Ofor all k # 0then
D,(7) =g.(+) corresponding to thecase of no multipath propagation. The standard delay
lock loop converges to the solution, of theequation 1, () = Oinstead of converging to
O which is the solution ofg.(r): 0. Themultipatherrorr | can be excessive depending

upon the actual multipath environment encountered as will be illustrated by severs]
simulation examples. Inthe approachof this paper the discriminator function is measured
first and then via equation (10) is usedtacstimate all the unknown variables including the
multipath delays, amplitudes, and phasceandihe estimates of the multipath errors both in
the phase lock and code lock loops. 11 ¢ mnuliipath eniors are then compensated for in
arriving at the final differential pliase «nd code range estimates.

To accomplish the above objcctives, oncalsn obtains the quadrature phase version of
equation (1 O) by replacing c¢,(7) in (7)by it « quadratur e phase version:

%)




c, ()= 2sin(@,i1€)

Repeating the steps as in equations (6510 (10) one obtains the expression for the phase
quadrature version D, () of the discrimnator function as

D (r)y=hyg ()1 by v )4 by g (7 1)

hyg =a, A sin(¢, - 0 3 k=01 N (1

For the purpose of estimating and filicriny, 1:¢ measurement equations (1 0) and (1 1) may
be combined into the following equation

D(r)y=hyg (1)1 g (- 1))t Aah,g (1-1,)4n(1)  (12)

D(r) - Di(r)+ D, Ci by 4 gl k oca o N (13)

In equation (12) above j = -1 andi, (1) 1opresents the noise at the correlator output
corresponding to the noise atthercceiver input. Inorder to apply the adaptive digital
signal processing techniques, the nultipathdelays are approximated by integer multiples of
A, where A may be selected to be suliciently small to provide the required multipath
resolution, leading to the following desited discieteform:

. ]
_}/J = 2.1 }JA g} RS A B Afl ,..,O, A’-, (14)

ks-g

where y, = D(jA), &,=&. (A1, 1(;A)  and (M],M2) represents the interval over
which the measured discriminator funciionissignificant. Note that equation (14) is of
somewhat more general form than(17)1niha this forinmay also include negative values
of the multipath delays, Standard estimationtechniques are now applied to estimate the
channel impulse response cocfhicicnts{ 4,1 and the corresponding equalizer filter

coeflicients. Letting

h = th., ... b h }1 ~'-"hq,]

9,
g;l = [gj tqy 2 ,g“],ﬂj,é,’}:.‘,?,"l,( 1! j:_]\/]],m,(), ’I\/I:)

the least squares estimate of the unknowichanclitopulse response vector is given by



.M M
h=( D el o) Doy, (15)
Je- M,

p= - Ay

where 02 = k{ny] .
Now denoting by %o the truncated ((3 sci o padded depending upon whether g, > K, or
vice versa; i= 1,2) version of h.ie., with
Xo = [I;Kl,. .,/):,,.I}AA‘]
and by X, the j times shifled versionof g, ,

-

ij[hk ) )/I . -,h }_‘2+J]

1

the optimum parameter vector f IS given by

p (K:”ZJ) no O, ]
f=C 20wl "D (16)

J=-=(K 4+ qy)

Note that in the definition of X, thcentiiesicon }’/J ar¢ set equal t0 zero if'j falls outside
the interval [-q | ,G2]- Also the constant, is ¢iven by

)
K =

1y
D AR RIS
1

j;— .

~

The equalized channel response 2z < obizinedby convolving the two sequences
{hogshg,... b} and {f, .../, ./} Theeclements of zare denoted by
{2 garyrer P00 2 Z(gak, ) - Vherefore heecualized dise riminator response is given by

(CIR T

D, (1) Dz {1 iA) (a7

14 ¢
g )

For the case of perfect equalizationz : 1,z Ofor i Oand D, (7)= g (7). In practice
Re{D,, (1)} ~ £.(7)and the solution of the ecvation

Re{D,, (1)} : 0 (18)



is the estimate of the multipat h ciiotit «delav estimation which can be compensated for in
the range estimate.

Delay Estimation :

One may note in the development above thatthe solution to the estimation problem is not
yet complete, as the measurement cquaticnl (12) has not taken into account the initial delay
uncertainty z , arising as a resuvlt of thcunkr own propagationdelay. To take into account

this uncertainty, the equation (12)iSnowinohfiedas

D(7) = hgr—1)4hg G,y thyg(t-1y-7,)1n(r) (19)

In order to simultaneously estimate (he « hannel 1esponse vector h and the delay
uncertainty 7, let

- o - A
T, = kAT L A

for some signed integer &, and with A silccte fabove. The equation (19) may be rewritten
as

IN7) = ho&y ()4 g (- 1) Al g (- Ty )t n(T)
(20)
&, (1) £la kM) e g (1 1,)

Assuming that lk0[< N for someintepcer “h ard that g(7)= g, (trucfor A small), then
k,istheinteger k that minimizes the following index

min [P (7)) gt () 1)

~N<sksN
where h* is the channel response obtained 011 the basis of 1eplacing &, by k in (20),
gk('[): [g: (7). g (i, y .y, (7- 7‘1\,)]7

and g, () is approximated by g (1 AA) In the estination of h' for any integer k, the

discretization and estimation proceduwcof (14 i(16) is followed If £, is the solution of
b

~ ~

the minimization in (21), then the overall channel estimate is given by  h=h
Substitution of h in (16) provides the coctlicients of the inverse filterand the solution of



(18) yields 7, Note that if itis known thitwemultipatherrorz, is smaller than A in
magnitude, then this additional pi vcedui ¢ is not necessary, lowever fork,> 0,
considerable error can other wise ¢risucinthe estimate of h.

Multipath Phase Estimation :
With 7 , denoting the estimate of theinultipath delay error, onenow solves equation

for h but with g, equal to g, (A7, ). Denoting the resulting least squares solution by

h”, then the multipath phase e orcstimatc iS given by the argument of the zeroth
component of the estimated impulseresponse,ie, 6= - arg(h! ). This error is

compensated from the carriet phasc-lo.kloop phase estimate inthe following estimation
cycle.

Figure1 depicts the block diagiam of the proposed GPS receiver implementation. Note
that the number of correlators ()- (2,102, 11, depends upon the value of A, the spread

oft he expected multipath, and the dcco wolution filter order selected, The linear combiner
simply takes the appropriate difierencesof theconelators' outputs according to

D(t4id)y = R(z+iA+ 1,)- R(: - iA v,)i: -0,,...0,.. ., 0,

where 7, is selected to be integetinuitiple of A, T he channel ed[irl-l:{tc)r/equalizer block

computes the multipath phase and delay cirorsacecording toequations (1°5) - (21). These
error estimates then appropriately compnisatethe code and cariier generator phase.

SIMULATION RESULTS

In this section some simulation examples are presented depicting the performance of the
proposed multipath cancellation algorithim}i st some additional notations are introduced
to present these results. Let 1 and T denote the sampling periodfor the signal processing
system and the code chip periodrespectively  Also let1d denote the normalized delay
7,/7, and y be the sample signal-to-1ise pawer ratio given by 7 = (2277 No ) where
P.= Al | 2 is the signal power recciveby thedireet line-of-si{r,l]t path and », is the
one-sided power spectral density of thercceiverthermal noise. Further denote by a and
0 ,, the vectors consisting of the anplituicsand phases of the discr cte channel response h
in equation (14). The motivation] behindth ¢ 1o search presented in this paper has been the
GPS application to precision attitude deicimination of | EO (low earth orbit) spacecrafis.
Therefore the achievable cariier phase vstinetion errors are interpretedin terms of the
equivalent attitude pointing errorsltmay be casily seen that for 1meter antenna baseline
the conversion factor between the cariviphiseerior in radians and the corresponding
pointing error in arcmin is approxiniatelycaualto10¢.4. Several simulation examples are
presented below in terms of the notationsintre Juced in this Section Recall that (¢, + g,) IS

9




equal to the number of discrete multipsths, 15,4 K,41) isthe number of filter taps and y is
the sample SNR.

Example 1. ¢,=0; ¢,=8,K, =12, K,= 1, » 10% 74 = 05
a=[1.2 589 ./ 12.9]
0,=[0-5.71. ,8.6153.2-1.1]

Figure 2 plots the ideal discniminatoricponse g, (7), distorted response 7)(t) of (12) and
the discrete version of the equalized sesporise D, @) of (1 7). Clearly while the zero-
crossing of D(t)isabout .4 Tethezero-crossmgs of both g (2) and 1), (7) are equal to

zero. Reducing the tap spacing toz.:01c¢oes riot make any significant difference in the
zero-c1 ossing Of the function | )a)es shownin Figur e 3 which plots the various

discriminator functions for the case of 1, : (~.]. ¥igur € 4 shows the convergence of the
delay error as a function of the b of samples processed withan initial normalized
delay of -.498 chips. Notice thatthesteady state error without multipath correction will
remain approximately equal to 471 while with the correction algorithm the error is
approximately equal to ,001 “I’.. Notc alse that with 4 50 dB-112 CNR at the receiver input
this period of 100 iterations coriespond: 1o cnly 1secof real time as per the definition of
y. Figure 5 shows the cartici phase o or expressed in arcmin for the GPS  attitude
determination application. Note thatthclliticlerrorof more than 30 arcmin is reduced to
about .1 arcmin,

Example 2. q=0; q,=25; K735 K7 4, » 10°; 24201
o= [1,8,53.90253 ./ 1.¢50.(S.1,03 ,021 07 05 .04,1 0.05 .08 .01]

0,=[0.5.7 -71 .3 5615 1 8”?101-.5-3 615-.8 -,5,91.2 -.61]
Figures 6 and 7 depict respectivelytheconvagence of carrier phase and the code delay
errors versus the number of samples!ntisexamplethe sample SNR is equal to 40dB and
thus corresponds to an update periodof O 1 s.c for a 50dB-Hz CNR at the GPS receiver
input. Note that the multipaths with dcliy g1eater than 9A arc weakin that their relative
amplitudes arc less than 0.1 of the dirc:tpa:h which makes the identification of these
multipaths more difficult. As may beinfu |y ed fiomthese figures a residual pointing error
of less than 1 arcmin and a normalized d<lav enor of 005 chipsis obtained in less than 50
iterations. Since the amplitudes of ruultif aths 1 or delays exceeding 9A are relatively small,
one may consider ignoring these and thu- sclect afilterorder that is much smaller than q.
Figure 8 shows the resulting errorperfoninance whenthe filter order K 1 is selected to be
10. Asis appar ent from the figure, the 1csidual crror while much smaller compared to the
initial error of about 30 arcmin is muchhisherthan that achieved with K= 35 filter case.



Example 3. q,70; q,=35; K235, K- 4; v+ 10°; 74 2 0.1

o=[1,8 .5.3.90.2,5.3.7,1 .5 6.2 01 .7.5.2.3,5.71.4.8.3.71.7.8.6 1
5.30.7]

0,0 57713 $61514%7.101-:1- 3. 6. 1. 5. 8. 591.2-6 1 .7-1
-.7.8.6.5-.81.4-.91

Figures 9 and 10 plot the residual ¢arjer phiase and code delay errors respectively, for [y]=
30 dB. As may be inferred fiom thesefigures, forthis case of very severe multipath
propagation, the pointing error is reduce 3 frornabout .32 arcminto only 4.5 arcmin while
the residual delay error is about .01chips

COMNCILUSIONS

This paper has presented novel techniques bawed onthe deconvolution approach for the
simultaneous estimation and compensation of tile multipath estimation errors in both the
carrier phase and code delay bascd precicion GPSapplications. Of particular interest is the
application of the algorithm to GPSbised atitude determination of LEO (low earth
orbiting) satellites. From the simulations of the algorithm it turned out that for a one meter
antenna baseline, an attitude ericrof .5 dez 10 1 degmay result due to multipath errors.
This result is consistent with the carlic: R ADCAL satellite experiment. In the code pseudo
range measurements errors Of the order of 34 chips were observed in the simulations.
From the simulations it aso became appe et thiat while reducing the early late correlators
delay spacing reduces the effects of thernnzlnnise, it does little to mitigate the effects of
nultipath propagation.

When the proposed algorithm is applizct o these simulation examples, the attitude
determination errors are reduced to o1de: of alrarcminin most cases. in some simulation
examples a residual error of only .1 «rcmire canbe achieved while for very severe
multipath situation involving 35 multipaths z1csidualen or of about 4arcmin is achieved.
In terms of code pseudo range ericors the ¢itor IS reduced to order of ,01 chips. As
expected, generally the higher the decorveluton filter order the smaller are the residual
errors. However beyond a certainlimit the in.1 case in filter order or the SNR does not
reduce the errors any further ,i.e , the residualcirorsiemain of the order of one arcmin as
described above in various simulation exz nple«. Wit hthe order of e ors thus achieved the
proposed algorithm should make GI'S ba-edattitude determination a reality.
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Figure 2. Discriminator b unctior of the Delay Lock Loop
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Figure 3.Discriminatortuniction of the Delay Lock Loop
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Figure4 . Besidual Delay Estimation E rror
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Figure 5

Hesidual Pointing £ rror due 1o Multipath
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Figure 6. Residual Pointing Lrror due to Multipath (q=25);
Amplitudes of Multipaths with Delay > .9 A Small
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Figure 7. Residual Delay Fstimation Error due to Multipath (g=25);
Amplitudes of Multipaths with Delay > .9 A Small
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Figure 8. Residual Pointing I'rror due to Multipath (q=25); Filter
Order Much Smaller than q.
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Figure 9. Residual Pointiug Frror due to 35 Strong Multipaths;
Filter Order K135
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Figure 10. Residual Delay Estimation Error due to 35 Strong
Multipaths; 1 iltey OrderKj=35




